The 9Cr-1Mo steel used in fast breeder reactor is exposed to irradiation during service which severely affects the dynamic fracture resistance by increasing the ductile to brittle transition temperature (DBTT). Thus, even at room temperature, the steel can become brittle and prone to cracking. The microstructural features especially prior austenite grain size (PAGS), martensitic lath and packet size originating from prior processing routes has an effect on the toughness properties of 9Cr-1Mo steel, which is yet to be understood fully. In the present investigation, three different austenitizing temperatures (950°C, 1025°C and 1100°C for 1 h) have been selected to vary the PAGS. Impact energy, lateral expansion, dynamic yield stress as the function of temperature has been estimated from Charpy impact tests carried out on normalized and tempered specimens. The results show lower DBTT for the samples reheated at 1025°C followed by tempering.
Introduction
The selection of 9Cr-1Mo steel for fast breeder reactor (FBR) applications is primarily based on a good combination of mechanical properties, high thermal conductivity, low thermal expansion coefficient and good resistance to stress-corrosion cracking in water-steam systems compared to austenitic stainless steels [1] . The fracture resistance, especially in the ductile to brittle transition temperature (DBTT) regime is a matter of concern for ferritic steels. Irradiation during the long service condition severely affects the dynamic fracture resistance of steel, by increasing the DBTT [2] . As a result even at room temperature the steel can become brittle and prone to cracking. Therefore, the fracture toughness of the steel in unirradiated condition has to be as good as possible, with minimum possible DBTT. In addition, the different microstructural parameters such as, effective grain diameter, grain orientation, size, shape, and distribution of second phase particles play key roles in determining the overall deformation and fracture characteristics. Although studies on reactor pressure vessel steels having a tempered martensitic structure have been reported by several researchers [3] [4] [5] [6] , the identification of the microstructural parameters governing the deformation and fracture properties at high strain rate have been difficult. Establishing the microstructure-property relationship become difficult in presence of the complex tempered lath martensitic structure with high dislocation density and the second phase carbide/ carbo-nitride precipitates [7] . However, that aspect has not been studied meticulously in 9Cr-1Mo steels by comparing different microstructures, having different prior austenite grain sizes.
Present investigation is primarily aimed to fulfill this gap in the existing level of understanding in the aforementioned area. With the objective to studying the effect of microstructural parameters on the ductile-brittle transition temperature regime three different austenitizing temperatures have been selected for normalizing treatments to vary the prior-austenite grain size. Charpy impact tests have been carried out on those normalized and tempered specimens used to study the impact transition behaviour.
Experimental
The chemical composition of the P91 grade steel used in the present study was as follows:
The starting material for the investigation was received in normalized and tempered condition as courtesy of Indira Gandhi Center for Atomic Research (IGCAR), Kalpakkam, India. Steel blanks of size of 12 X 12 X 130 mm have been cut from the as-received plate for the purpose of heat treatments. Three different austenitizing temperatures namely, 950°C, 1025°C and 1100°C were selected and the samples were soaked for 1h before air cooling. A further tempering treatment (750°C for 1 h) has been carried out on all the reheated samples. After normalization and tempering treatment the blanks were machined to standard Charpy V notch (CVN) samples following ASTM E23 [8] standard.
Instrumented impact tests were performed using a Instron (Model: S1-1C3) Charpy impact testing machine equipped with the Instron Dynatup instrumentation system. Load -time data from the high strain rate tests were recorded and analyzed using a computerized data acquisition system. Post-processing of data was carried out following the method discussed in reference [9] .
Optical microscope (Leica, Model: DM6000M, Germany) has been employed to study the microstructure of the as-received and reheated samples and to determine the PAGS of the respective steel samples. Nearly 500 austenite grains and martensite packets were measured from each sample in terms of equivalent circle diameter (ECD) size and that dataset was used to determine the average grain/packet size (with standard deviation). While scanning electron microscopic (SEM) analyses were carried out for fractographic study of tested specimens using a Zeiss (FEG SEM model: Supra 40) microscope. Bulk hardness measurements have been made on the as-received as well as normalized specimens with the help of a Leco (Model: LV 700) Vickers hardness tester applied load of 20 kgf with dwell time of 15 sec. At least 25 readings have been taken to measure the average bulk hardness value.
Result

Charpy Energy
The energy (C v ) absorbed during Charpy tests as the function of temperature (T) for as-received and different reheated samples are shown in Figure 1 . The raw test results are fitted with a tan hyperbolic function as:
where, A, B, C are constant, T is the test temperature and T 0 is the ductile to brittle transition temperature (DBTT). DBTT is considered to be the temperature corresponding to the impact energy absorption halfway between the upper shelf energy (USE) and lower shelf energy (LSE) of the steel [10] . Each curve shows a value of C v at an interval of 10°C (T) from -200°C to 100°C by using above determined fitting constants. 
Lateral Expansion
The variations of lateral expansion (LE) with temperature, measured from the fractured specimens of the different reheated and as-received samples are shown in Fig. 2 . The LE shows the same trend as the C V , with 1025-Reheat showing the highest toughness and the as-received showing the lowest among all, while 950-Reheat and 1100-Reheat indicate intermediate level.
Estimation of Dynamic Yield Stress from Load-Time Traces
The dynamic yield stress Yd for CVN specimens of ferritic steels can be estimated from the following equation [5, [11] [12] :
where, W=B=10 mm for full size CVN specimen and b 0 is the initial ligament depth i.e. b 0 = W -a 0 with a 0 = 2 mm and P GY is the general yield load. In the present study Yd was estimated for the different reheated and as-received steel samples and their variations with respect to temperature are given in Fig. 3 . Dynamic yield loads at different temperatures for the different reheated and as-received CVN specimens were obtained from the respective loaddisplacement traces.
Yd values for all the different reheated and as-received steel samples 'decrease consistently with test temperature. 1025-Reheat samples show the lowest dynamic yield stress and the as-received samples show the highest values. The Yd decreases more rapidly in the low temperature regime (approximately -90°C to 0°C) compared with the higher temperature regime (above 0°C). Typical optical microstructures of as-received and 1025-Reheat samples are shown in Figure 4 (a) and (b) respectively. The optical microscopic study reveals the presence of lath martensite structure in the as-received as well as reheated steel samples (Fig. 4) . In as-received material the prior austenite grains are aligned in the direction of rolling, whereas, the reheated samples are having almost equiaxed PAGS (Fig. 4) . Prior austenite grains were constituted of few martensitic packets, which were made of several martensitic laths (Fig. 5) . Presence of different types of precipitates can be seen at the prior austenite grain boundaries, packet boundaries, inter-lath and intra-lath boundary locations (Fig. 6) . Prior austenite grain sizes of as-received and normalized specimens are indicated in Table 2 . Compared to as-received steel, all the heat treated samples showed much smaller PAGS values (Table 2) , where 950-Reheat has the lowest PAGS among all the samples investigated. Interestingly, 1025-Reheat steel has marginally higher PAGS than that of 950-Reheat.
Microstructure and Fractography
Detailed analysis has been carried out using scanning electron microscope to reveal features of the fractured surfaces at both the low temperature and high temperature regimes of the different reheated and asreceived Charpy specimens. Typical fractograph of 1025-Reheat sample has been indicated in Fig. 7(a) and (b) for lower shelf and upper shelf regime respectively. For all the different reheated and as-received specimens, the cleavage facets were prominent at low temperatures, whereas, dimpled fracture along with cleavage occurred at high temperatures. 
Sample
Hardness
Hardness values of all the investigated samples are plotted in Fig. 8 . Bulk hardness measured on the reheated and as-received sample indicates that the 1100-Reheat sample has the softest matrix, while 950-Reheat has the hardest matrix among all. 1025-Reheat has hardness more than 1100-reheat, whereas, hardness of as-received one is lower than 950-Reheat samples.
Discussions
Higher Charpy energies have been observed for the 1025-Reheat steel samples as compared to other reheated and as-received samples (Fig.1) in lower shelf and ductile-brittle transition region. Several contributing factors for the toughness of a material are acting simultaneously. These are (i) lower the grain size, higher is grain boundary area per unit volume and hence, higher is the obstructions which deviates the crack path during its propagation that eventually increases the toughness in cleavage dominated fracture regime, i.e. lower shelf region and (ii) difficulties in crack initiation due to spheroidization of carbides which provide less stress concentration factor for the initiation of crack at carbide-matrix interface and (iii) blunting of crack tip during propagation of crack in the presence of softer matrix surrounding the carbides, have been attributed to the higher toughness in the ductilebrittle transition region. Highest PAGS of as-received material is the reason for lower toughness among all the samples. It should be noted that the as-received steel was normalized once. Hence, it was expected to obtain refined austenite grain by double austenitization treatment referred here as reheat treatment which has a beneficial effect to improve the impact properties similar to the earlier reports on 9Cr-1Mo steel [13] . Thus all the heat treated samples have sufficiently low PAGS as compared to as-received sample. Though the 950-Reheat has the lowest PAGS (Table 2) , it is hardest (Fig. 8 ) among all reheated and as-received one. On contrary, 1100-Reheat has lower strength while having larger PAGS as compared to other reheated samples. Interestingly, 1025-Reheat has the optimum combination of low PAGS and less strength which could be the possible reason behind the higher toughness values for 1025-Reheat specimens in lower shelf and ductile-brittle transition regime. The lower dynamic yield stress of 1025-Reheat sample in the present study (Fig. 3 ) also confirms the evidence of softer matrix in these samples and show higher ductility for this type of microstructure as compared to other samples. Thus the higher energy associated with the fracture process of 1025-Reheat can be attributed to the higher amount of plastic deformation involved in crack growth for these samples along with higher cleavage crack propagation resistance offered by fine prior-austenite grain size. The higher lateral expansion associated with 1025-Reheat (Fig. 2) is also in agreement with this.
The dynamic deformation and fracture characteristics of all the reheated and as-received samples, as observed in the present study, can be discussed in two different temperature regimes. These may be classified as (a) the low temperature regime where the dislocation mobility is restricted and the fracture is dominated by a cleavage mode of failure and (b) the high temperature regime where the deformation and fracture are associated with high mobile dislocation density and extensive plastic deformation along quasi-cleavage and micro-voiding mechanisms. Figure 7 (a) and (b) shows fractographs from these regions respectively for 1025-Reheat specimens. The transition from cleavage to ductile mode of failure takes place over a temperature range known as transition regime and can be estimated from the Charpy curve, Fig.1 .
It has been observed earlier that the dynamic yield stress show strong temperature dependence in the low temperature regime, (Figs.3) . It is also evident that the critical temperature up to which these parameters are strongly temperature dependent are characteristic of the respective microstructures present in the reheated and as-received steel specimens. A comparison of the Charpy transition curve for the respective microstructures and the above mentioned critical temperatures show that the temperature dependence of the dynamic yield stress is restricted within the lower shelf and transition region of the Charpy transition curve. Similar kind of trend for the variation of dynamic yield strain with temperature can be found in the earlier report of Moitra et al. [14] . In this temperature regime the deformation is associated with low dislocation mobility and the thermal contribution to overcome the short range barriers to the movement of dislocations would be very prominent and sensitive to minor variation in temperature. This is manifested in the sharp decrease of dynamic yield stress in this regime [14] .
It has been observed that with an increase in PAGS (Table 2) , the dynamic yield strength also increases with the exception of the samples with reheating temperatures between 950 °C and 1025 °C. Further detailed measurement of microstructural parameters like martensite packet size, block size and lath size whichever is the true representative 'effective grain size' for cleavage fracture can assist in understanding this phenomenon. Moreover, at the heat treatment temperature for 1100-Reheat sample, the precipitates are likely to go into solution. This effect could be manifested in increasing the hardenability and lowering of the martensite start temperature, giving rise to higher yield strength in this material. Thus, PAGS may not be the controlling parameter in determining the dynamic yield stress in this steel, and this could be the reason for the apparent contradiction in the conventional inverse grain size dependence of yield stress via the well known Hall-Petch relationship. In the higher temperature regime, the deformation and fracture take place with extensive plastic deformation associated with sufficient dislocation mobility. The crack initiation and growth mechanism also becomes plasticity dependent, and the second phase particles present in the matrix play a crucial role in determining the ductile crack growth characteristics.
Ductile fracture initiates from the nucleation of micro-voids by decohesion of the particle/matrix interface and their subsequent stress induced growth and coalescence. Fracture occurs when these voids become large enough such that the ligament between them ruptures and large scale void coalescence occurs. Considerable plastic deformation is involved in this process and the fracture toughness is expected to be higher for larger critical size of void to link with the main crack. When the void nearest to the crack tip becomes large enough to coalesce with the crack tip, the crack can be considered to have advanced [15] .
In evaluation of Charpy fractured samples representing the upper shelf energy, the initiation of micro-voids at the second phase particles ahead of an existing crack and their growth to coalesce with the propagating crack needs further attention. Argon et al. [16] have proposed that the interfacial stress at the particle/matrix interface which is responsible for decohesion, is equal to the sum of the applied hydrostatic stress and the effective Von Mises stress. When the sum of these stresses exceeds a critical value p , decohesion occurs at the particle/matrix interface, and the void can be considered to have nucleated. The critical stress to initiate a void also depends on the particle size and it is more for a smaller particle [17] . In the present study, the standard CVN notch geometry provides sufficient hydrostatic stress at the notch root to facilitate void nucleation [16] . Moreover, the material under study has second phase precipitates in the form of carbides having reasonably low particle/matrix interface strength. Under these circumstances, it would be reasonable to assume that void nucleation occurs quite early in the fracture process at least for large particles.
In the present study, the dynamic elastic-plastic fracture toughness, which is a determining factor for C v at upper shelf regime, depends on the stress induced void growth to be linked with the existing crack rather than its nucleation at the carbide/matrix interfaces. In this process, the distance from the notch tip to the carbide particle may play an important role. The nucleated voids must grow to a critical size before linking up with the main crack [15, 18] , and the critical size is expected to vary with the distance from the crack tip. The greater the distance, the greater would be the critical size required, and this would lead to higher toughness. However, in the present case, where the carbides are distributed more or less uniformly in the matrix, it is reasonable to assume that the average distance from the notch tip to the particle is of the order of the spacing between the particles, and the effective critical void radius at the notch root can be of the order of half the inter-particle spacing. With this assumption, it can be argued that the average inter-particle spacing may serve as an effective parameter to correlate with crack initiation toughness. This implies that higher the inter-particle spacing is, higher will be the critical size of the void to link with the crack, and the more will be plastic deformation before crack initiation.
To understand the effect of precipitates on upper shelf energy, Thermo-calc analysis has been carried out. Volume fraction of large precipitates such as Cr 23 C 6 has been determined as function of temperature (Fig. 9) under thermodynamic equilibrium condition. This plot indicates the Cr 23 C 6 precipitates start forming at around 890 °C under equilibrium. Thus, under non-equilibrium condition, the initiation could be assumed to be extended upto 1100 °C, depending upon the kinetics of precipitation involved during heat treatment process. With this assumption, it could be inferred that the amount of fracture determining precipitate (Cr 23 C 6 ) is less in 1100-Reheat steel specimens than that in the 1025-Reheat specimens. Presence of fewer amounts of precipitates causes higher inter particle spacing in 1100-Reheat samples. Thus, higher the critical size of the void to link with the crack, more will be the amount of plastic deformation required before crack initiation in this material. This is the possible reason for higher upper shelf energy in the 1100-Reheat specimens as compared to that in case of the 1025-Reheat samples. precipitate formed during heat treatment calculated using Thermo-calc software.
Conclusions
1. 1025-Reheat specimens are showing better DBTT than all other samples of 9Cr-1Mo steel. From this observation, it can be inferred that although with decrease in prior austenite grain size ductile-brittle transition temperature decreases, it may not be the determining factor (effective grain size) in the ferritic-martensitic steels. Detailed investigation of the microstrutural parameter can only resolve this issue. 2. The dynamic yield stress decreases more rapidly within the lower temperature regime than in the upper shelf region due to presence of higher amount of sessile dislocations at low temperature, of course, these dislocations become glissile at higher temperature and reduces the temperature-dependence of dynamic yield stress. 3. Inter-particle spacing, which in turn depends on the amount of precipitates present in the matrix, dictates the absorbed energy within the upper shelf regime.
